Background
==========

John Staige Davis performed the first therapeutically human amniotic membrane transplantation (AMT) as skin substitutes for treating open wounds in 1910 \[[@b1-anntransplant-23-160]\]. Thirty years later de Rotth described the first clinically use of amniotic membrane (AM) in ophthalmology. He used fresh AM as a biological bandage material for management of conjunctival defects \[[@b2-anntransplant-23-160]\].

AM, the inner layer of the placenta, is a thin, semitransparent, resilient, and avascular tissue, which consists histologically of a single epithelial layer, a thick basement membrane, and an avascular stroma. AM contains abundant growth factors, mitogenic factors, anti-angiogenic factors, anti-inflammatory proteins, and natural protease inhibitors and anti-scarring properties \[[@b3-anntransplant-23-160]\].

In recent years, many studies have shown clinical efficacy of AMT in stimulating wound healing by promoting epithelialization while suppressing inflammation, angiogenesis and scarring \[[@b3-anntransplant-23-160],[@b4-anntransplant-23-160]\]. AM may not only facilitate healing but also support regeneration \[[@b5-anntransplant-23-160]\].

In recent two decades, AMT has been used increasingly and successfully to treat various types of ophthalmic indications, which include chemical or thermal burns, persistent corneal epithelial defects, corneal ulcers, reconstruction of conjunctival and ocular surfaces, ocular pemphigoid or Stevens-Johnson syndrome, and bullous keratopathy \[[@b6-anntransplant-23-160]--[@b10-anntransplant-23-160]\].

This increasing popularity of AMT is likely influenced by the method of cryopreservation, which was introduced by Lee et al. in 1997 \[[@b11-anntransplant-23-160]\].

Confronted with the increasing use of AMT, we decided to conduct the current study to investigate the numbers, indications, surgical techniques, and experiences of AMT at the University Eye Hospital Tübingen from January 2001 to December 2016. To the best of our knowledge, this is the first study over such a long interval.

Material and Methods
====================

Data from all AMTs at the University Eye Hospital Tübingen from January 2001 to December 2016 were retrospectively analyzed from the electronic database and the annual reports of the Eye Bank at the University Eye Hospital Tübingen. The indications for AMT were categorized and the yearly numbers of performed AMTs were evaluated. The mean number of AMTs was calculated and compared. This study was approved by the Institutional Review Board of the University of Tübingen and adhered to the tenets of the Declaration of Helsinki.

Statistical analysis
--------------------

Statistical analysis of the data was conducted using the Statistical Packages for the Social Science (SPSS 18.0). Quantitative variables were expressed as mean ± standard deviation (SD). A value *of p*\<0.05 was considered to be statistically significant. Yearly numbers of AMTs were compared using a Student *t*-test.

Results
=======

Between 2001 and 2016, a total of 771 AMTs were performed at the University Eye Hospital Tübingen. Mean patient age was 67±12 years (range, 13--97 years), and 70% of patient were older than 59 years. The male: female ratio was 57: 43%. The mean number of AMTs was 48 per year (range: 7--81). [Figure 1](#f1-anntransplant-23-160){ref-type="fig"} shows the number of AMTs performed per year. Overall, the mean number of AMTs more than doubled, from 31 AMTs per year during the first 8-year period to 66 AMTs per year during the second 8-year period (*p*\<0.0001).

The most common surgical indications for AMT were corneal ulcers (47%) and persistent corneal epithelial defects (18%). The most common surgical methods were the inlay, overlay, and sandwich technique. [Figure 2](#f2-anntransplant-23-160){ref-type="fig"} shows a slit-lamp color photography with schematic overview displaying the main techniques of AMT.

Discussion
==========

Our study investigated numbers, indications, surgical methods, and experiences of AMT at the University Eye Hospital Tübingen over the last 16 years from 2001 to 2016.

AMT has been found to be a great method for corneal and conjunctival reconstruction and regeneration in many clinical situations, including burns, persistent epithelial defects of the cornea, corneal ulcers and diseases of the conjunctiva when conservative methods of treatment fail \[[@b12-anntransplant-23-160]\]. AMT can even be used to reconstruct and restore conjunctival surfaces after resection of large ocular surface neoplasm \[[@b13-anntransplant-23-160]\]. AMT also helps to maintain a normal conjunctival phenotype and has a cosmetic benefit over buccal or mucosal grafts, which result in a nonconjunctival epithelial morphology \[[@b14-anntransplant-23-160]--[@b16-anntransplant-23-160]\].

AM provides a rich source of stem cells and has unique features: it supports, facilitates and promotes conjunctival and corneal epithelialization and healing, inhibits and allows a reduction of inflammation, immune rejection, vascularization, scarring and pain.

AMT has brought about major advances in the reconstructive surgery of the ocular surface. It can be used as a permanent graft in the tissue defect, so that epithelium cells will grow over the AM and the membrane will subsequently be integrated into the host tissue (e.g., the corneal stroma), which helps improve the structural quality of the tissue. The main target of this technique is to provide stability for regenerating epithelium and to restore tissue integrity and function. In this mode, the inlay or graft can be used as single or multilayers and fixed with single button 10-0 nylon sutures in the periphery of the corneal ulcer. When AM is used as a temporary biological patch or overly the main target is to suppress inflammation, reduce scarring, decrease vascularization, and promote healing. AM is sutured to the ocular surface using a patch larger than the defect. The AM acts as a biological bandage. Furthermore, the AM overlay relieves pain, which was clinically proven effective in management of chemical burns \[[@b17-anntransplant-23-160],[@b18-anntransplant-23-160]\], severe bacterial keratitis \[[@b19-anntransplant-23-160]\], Steven-Johnson syndrome \[[@b20-anntransplant-23-160],[@b21-anntransplant-23-160]\], and painful bullous keratopathy \[[@b22-anntransplant-23-160]--[@b25-anntransplant-23-160]\]. Sometimes, both an inlay and an overlay are used together as a sandwich technique, in which case the overlay is used as a protective shield to ensure epithelialization of the AM used as an inlay \[[@b26-anntransplant-23-160]--[@b28-anntransplant-23-160]\]. In such cases, the epithelium is expected to grow between the uppermost inlay and the patch.

In 2017 Tabatabaei et al. reported in a randomized clinical trial, that an enormous advantage of early use of AMT in treatment of patients with bacterial keratitis was associated with better outcomes compared to antibiotic therapy alone \[[@b26-anntransplant-23-160]\]. AM exerts antimicrobial effects and does not impede the penetration of topical antibiotics. It has been shown that AM becomes soaked with antibiotics and prolongs the effect \[[@b30-anntransplant-23-160],[@b31-anntransplant-23-160]\].

Furthermore, in cases of severe ulcerative keratitis AM can be used to seal small corneal perforations and can soothe inflammation. Under conditions when corneal transplantations cannot be performed due to a shortage of corneal tissue \[[@b32-anntransplant-23-160]--[@b36-anntransplant-23-160]\], AMT is an effective alternative. AMT might also provide sufficient time to obtain a donor cornea and provide a good condition for future successful keratoplasty as an elective investigation with a better outcome for the patient's vision.

If corneal ulceration is due to bacterial infection, it is beneficial to delay penetrating keratoplasty until aggressive topical fortified antibiotics has been started two to three days prior. AMT may help to avoid an emergency corneal transplantation, create a better basis for and improve the prognosis of the elective keratoplasty.

AM has become a therapeutic option not only in ophthalmology but also in various other fields within medicine and has been applied to a wide variety of clinical scenarios including burns, chronic ulcers, dural defects, intra-abdominal adhesions, peritoneal reconstruction, genital reconstruction, hip arthroplasty, tendon repair, nerve repair, microvascular reconstruction, intra-oral reconstruction and reconstruction of the nasal lining and tympanic membrane \[[@b37-anntransplant-23-160],[@b38-anntransplant-23-160]\]. Additionally, AM is widely available, economical, and is easy to manipulate, process and store. The great spread of AMT is likely influenced by the method of cryopreservation, which was introduced 20 years ago \[[@b11-anntransplant-23-160]\]. It has been shown that preservation even after storage at −80°C \[[@b34-anntransplant-23-160]\] does not influences growth factors \[[@b39-anntransplant-23-160]\].

Overall, our study demonstrated that the mean number of AMTs more than doubled, from 31 AMTs per year during the first 8-year period to 66 AMTs per year during the second 8-year period (*p*\<0.0001). This increasing popularity of AMT and doubling of the numbers of AMT is mainly due to rising knowledge about essential healing growth factors of AM and the demographic change with aging of the population. In all, 70% of our patients who needed AMT were older than 59 years of age.

Despite increasing use of AM in various fields within medicine and its miraculous biological activities, some limitations in reconstructive and regenerative ophthalmology must be considered. The use of AMT for severe eye burns is limited, because these burns frequently cause a wide loss of epithelial stem cells. A wider limbal epithelial stem cells deficiency requires additional transplantation of autologous or heterologous stem cells. Almost 30 years ago, tenonplasty was described as a surgical treatment approach for eyes with severe burns \[[@b40-anntransplant-23-160],[@b41-anntransplant-23-160]\]. In 1989 a conjunctiva-Tenon flap and a Tenon plasty were introduced to cover and to cure corneoscleral ulceration after eye burns. These strategies should not be forgotten in such cases and could be combined with AMT.

The use of AMT for large corneal perforations is also a limitation. In these selected cases, a full thickness (penetrating) keratoplasty is required, because AM is not sufficient. Most often a keratoplasty à chaud is inevitably required to secure the open eye with its risk of endophthalmitis. Preservation of the globe is the main objective in this very urgent procedure used for performing penetrating keratoplasty.

In addition, a further solution for management of large central corneal perforations should not be forgotten. For these eyes, a corneal patch graft can be used temporarily. Ideally, all necrotic tissues and epithelium are removed from the bed of the ulcer or margins of the corneal perforation until a viable tissue corneal patch graft is sutured in place with interrupted 10.0 nylon sutures.

Partial or total conjunctival flaps are reserved for chronic, indolent, non healing ulcers in eyes that have poor visual potential. Conjunctival flaps help to promote healing and decrease the need for frequent medication. Additionally, a temporary tarsorrhaphy can decrease the ocular surface area and reduce corneal exposure and evaporation of the tear film while minimizing friction between the eyelid and ocular surface during blinking. In summary, knowledge and experience are necessary in considering multiple possibilities to achieve the desired goals, while considering the patient's situation. AMT should be considered as a secure and easy option in reconstructive and regenerative ophthalmology.

Conclusions
===========

Our study showed a significant increase of amniotic membrane transplantations (ATM) from 2001 to 2016. This increase was likely influenced by the introduction of different surgical AMT techniques, the rising knowledge about containing growth factors, neurotrophins and cytokines, and the demographic change with the aging population.
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![This figure shows the number of amniotic membrane transplantations (AMTs) performed per year. The mean number of AMTs more than doubled, from 31 AMTs per year during the first 8-year period to 66 AMTs per year during the second 8-year period (*p*\<0.0001).](anntransplant-23-160-g001){#f1-anntransplant-23-160}

![Slit-lamp color photography with schematic overview displaying the main techniques of amniotic membrane transplantation (AMT). The amniotic membrane (AM) is used in each instance epithelial side up. (**A**) The inlay or graft technique is used for stromal defects. The graft is fixed in the stromal defect with single button 10-0 nylon sutures in the periphery of the corneal ulcer. Before transplantation, a small rim of de-epithelialization around the stromal defect is prepared to ensure that no epithelium remains under the graft. The epithelium is expected to grow over the AM, which provides a new basement membrane. (**B**) The overlay or patch technique is used for corneal diseases with nonhealing epithelial defects having no or only shallow stromal defects, for example after chemical or thermal burn or recurrent corneal erosions. The AM is sutured over the peripheral epithelial remnants and the centrally denuded stroma. (**C**) The sandwich technique is used for deep stromal defects with large nonhealing epithelial defects. It's a combination of the two described methods above. A single-layer or multilayer inlay is combined with an overlay as described, respectively. The corneal epithelium is expected to grow under the patch but over the uppermost graft.](anntransplant-23-160-g002){#f2-anntransplant-23-160}
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